To examine the isolated effects of altered currents in cerebellar Purkinje neurons, the authors used Scn8a flox/flox , Purkinje cell protein-CRE (Pcp-CRE) mice in which Exon 1 of Scn8a is deleted only in Purkinje neurons. Twenty male Purkinje Scn8a knockout (PKJ Scn8a KO) mice and 20 male littermates were tested on the Morris water maze (MWM). Subsequently, half were tested in 500-ms delay and half were tested in 500-ms trace eyeblink conditioning. PKJ Scn8a KO mice were impaired in delay conditioning and MWM but not in trace conditioning. These results provide additional support for the necessary participation of cerebellar cortex in normal acquisition of delay eyeblink conditioning and MWM and raise questions about the role, if any, of cerebellar cortex in trace eyeblink conditioning.
The cerebellar cortex and hippocampus are normally activated in delay eyeblink classical conditioning (reviewed in Thompson's, 2005, study) , but hippocampal lesions do not prevent acquisition or retention in the delay paradigm (Schmaltz & Theios, 1972) . Hippocampal lesions block acquisition and retention in trace eyeblink conditioning (Kim, Clark, & Thompson, 1995; Moyer, Deyo, & Disterhoft, 1990; Solomon, Vander Schaaf, Thompson, & Weisz, 1986) . Cerebellar cortical aspirations caused impairment in trace conditioning that was overcome with postlesion presentations of additional trials (Woodruff-Pak, Lavond, & Thompson, 1985) . These results with physical lesions led us to conclude that cerebellar cortex supported the normal rate of acquisition and retention in trace eyeblink conditioning. Thus, the perspective has been that the hippocampus plays different roles in delay and trace eyeblink conditioning, but the cerebellar cortex supports the normal rate of acquisition in both paradigms (Green & Woodruff-Pak, 2000) . Recent studies in mice suggest that the cerebellar cortex, like the hippocampus, plays different roles in delay and trace eyeblink conditioning (Kishimoto, Hirono, et al., 2001; . The cerebellar cortex is critical for normal acquisition in delay, but cerebellar cortical involvement in trace eyeblink conditioning is less well delineated. Spatial learning in the Morris water maze also requires coordinated action of several brain regions, including the cerebellar cortex and hippocampus. In this study, we tested mice created with gene targeting to have selective disruption of sodium channels in cerebellar cortical Purkinje neurons to examine the contribution of cerebellar cortex in delay and trace eyeblink classical conditioning and in the Morris water maze.
Delay and Trace Eyeblink Classical Conditioning and Associated Circuitry
In the delay classical conditioning procedure, a neutral stimulus serves as the conditioned stimulus (CS). The CS is presented for about half a second before the onset of a reflex-eliciting stimulus called the unconditioned stimulus (US). In eyeblink conditioning, the US is a corneal air puff or stimulation to the obicularis oculi muscles that causes an eyeblink. Organisms learn to blink to the CS before the onset of the US, and the learned response is called the conditioned response (CR). In the trace classical conditioning procedure, the CS does not overlap the US. The CS onsets, then it is turned off, and a blank "trace" period ensues before the onset of the US.
The dorsolateral interpositus nucleus ipsilateral to the conditioned eye is the essential site for acquisition and retention of CRs in both delay and trace eyeblink classical conditioning (Bracha, 2004; Christian & Thompson, 2003; Medina, Nores, Ohymama, & Mauk, 2000; Steinmetz, 2000; Thompson, 1986; Woodruff-Pak et al., 1985) . Electrophysiological recording of single-and multipleunit activity in the cerebellum indicated that Purkinje neurons in cerebellar cortex and principle cells in interpositus nucleus in discrete regions of the cerebellum undergo learning-induced changes during delay eyeblink conditioning (Green & Steinmetz, 2005; McCormick & Thompson, 1984; Thompson, 1990) . It has been demonstrated for delay and assumed to hold true for trace that the cerebellar cortex as well as the interpositus nucleus use information received about the CS, conveyed by the mossy fiber system emanating from the pontine nucleus, and information about the US, relayed by the climbing fiber system originating from the inferior olive. Converging CS and US signals relayed to Purkinje neurons in cerebellar cortex and principle cells in interpositus nucleus support normal acquisition.
Acquisition of trace eyeblink conditioning requires a coordinated network of brain substrates and neurotransmitter systems (e.g., Harvey, Quinn, Liu, Aloyo, & Romano, 2003; Mamounas, Thompson, & Madden, 1987) . Extensive evidence supports an essential role for the hippocampus in trace eyeblink conditioning in several species (Clark & Squire, 1998; Kim et al., 1995; Moyer et al., 1990; Solomon et al., 1986; Weiss, Bouwmeester, Power, & Disterhoft, 1999) , including mice (Sakamoto et al., 2005; Tseng, Guan, Disterhoft, & Weiss, 2004) . There is also some evidence that medial prefrontal cortex plays a role in acquisition and retention (Kronforst-Collins & Disterhoft, 1998; Powell, Skaggs, Churchwell, & McLaughlin, 2001; Weible, McEchron, & Disterhoft, 2000) . However, these structures play an essential role at different points of time after acquisition (Takehara, Kawahara, & Kirino, 2003) . The medial prefrontal cortex, hippocampus, and cerebellum are essential in the mediation of initial acquisition, but as days and weeks elapse after acquisition, the neural circuitry is reorganized to use primarily the medial prefrontal cortex and cerebellar interpositus nucleus Takehara et al., 2003) .
Morris Water Maze and Associated Circuitry
The Morris water maze task was devised as a means to assess spatial learning and memory in rodents (Morris, Garrud, Rawlins, & O'Keefe, 1982) . Animals are introduced into a pool of opaque water from various positions and are trained to escape the cool water by finding a hidden (submerged) platform. Reference to distal extramaze cues enables the animals to learn to escape by finding and crawling onto the platform. A cued condition in which the hidden platform is made visible serves as a control for sensory or motor deficits. Whereas the hippocampus is essential for acquisition in the Morris water maze, place learning in the water maze can be accomplished without corticohippocampal circuitry, including the perirhinal, postrhinal, and entorhinal cortices (Burwell, Saddoris, Bucci, & Wiig, 2004) . However, lesions in distinct brain regions outside the hippocampus-such as the striatum, basal forebrain, cerebellum (D'Hooge & De Deyn, 2001) , and pontine and inferior olive cerebellar afferents (Gasbarri, Pompili, Pacitti, & Cicirata, 2003) -impair place learning in this task.
Impairment in the hidden platform condition with normal performance on the cued platform condition has been observed in rodents with genetic and nongenetic lesions of the cerebellum. Cerebellar mutant mice (e.g., Lurcher, Purkinje cell degeneration [pcd] , nervous), rats with lesions of either the lateral cerebellar cortex or dentate nucleus, and rats with selective Purkinje cell lesions caused by intracerebroventricular injections of OX-7-saporin are impaired in place but not in cued learning (reviewed in Lalonde & Strazielle's, 1999, study) .
Genetic Lesions in Mice
Physically introducing a lesion into the cerebellum through aspiration, electrolytic, or chemical means normally introduces some collateral brain damage, and it is difficult to emulate the magnitude of the lesion with control mice. In addition, physical lesions are challenging to make in an identical fashion to each animal. Brain lesions in mutant mice are selective, but they are rarely "pure." The mutants typically have additional central nervous system impairments that could affect performance on learning and memory tasks.
Gene targeting in mice introduces a means to achieve greater precision in brain lesions. In the case of a conditional knockout, ablation of gene function can be restricted to certain tissue or cell types and specific developmental stages. One means to alter brain function is to target neuronal firing patterns via ion channels. A family of 10 sodium channel genes encodes voltage-gated sodium channels that are responsible for generating the rising phase of neuronal action potentials (Meisler, Kearney, Escayg, MacDonald, & Sprunger, 2001 ). The sodium channel protein Na v 1.6 is encoded by Scn8a, a sodium channel gene that is widely expressed in neurons throughout the central and peripheral nervous system (Burgess et al., 1995; Schaller, Krzemien, Yarowsky, Krueger, & Caldwell, 1995) . Na v 1.6 is also the primary sodium channel at the nodes of Ranvier in myelinated axons (Caldwell, Schaller, Lasher, Peles, & Levinson, 2000) .
To examine the isolated effects of altered currents in cerebellar cortical Purkinje neurons, we used the recently described floxed allele of Scn8a (Levin & Meisler, 2004b) . In Scn8a flox/flox , Purkinje cell protein-CRE (Pcp-CRE) mice, Exon 1 of Scn8a is deleted specifically in Purkinje neurons (Levin, 2004) . These mice are called Purkinje Scn8a knockout (PKJ Scn8a KO) mice because the Scn8a gene that codes for the sodium channel protein Na v 1.6 is knocked out selectively in Purkinje neurons. The elimination of the sodium channel protein Na v 1.6 in Purkinje neurons results in a selective impairment of subthreshold sodium currents, 10-fold reduction in spontaneous firing, and halved maximal firing rates of Purkinje neurons (Levin et al., 2005) . The lesion is restricted to the Scn8a sodium channel in Purkinje neurons and does not affect other cerebellar or noncerebellar neurons.
Purkinje neurons provide the only cerebellar cortical input to deep cerebellar nuclei, including the interpositus nucleus. Our aim in the current study was to determine whether reduced Purkinje neuron firing would affect acquisition in delay and trace eyeblink classical conditioning and in the Morris water maze. The hippocampus is known to be essential in the Morris water maze, and there are data from several species demonstrating a role for cerebellar cortex and Purkinje neurons. The hippocampus is also essential in trace eyeblink classical conditioning. The limited data that are available have been interpreted to indicate that the role of cerebellar cortex is similar in trace and delay eyeblink condition-ing. The specific question to be addressed is the role of cerebellar cortex in delay versus trace eyeblink classical conditioning and Morris water maze using mice with a genetic lesion that selectively impairs sodium channels in Purkinje neurons.
Method

Subjects
A total of 40 male mice were tested: 20 were PKJ Scn8a KO mice, and 20 were wildtype littermates. All mice were generated, genotyped, and maintained at the University of Michigan School of Medicine (Levin, 2004; Levin & Meisler, 2004a , 2004b . At the age of 4 months, they were shipped to Philadelphia and maintained in the Central Animal Facility at Albert Einstein Medical Center. PKJ Scn8a KO mice were mildly ataxic, but the deficit was so subtle that animal testers at Einstein could not reliably discriminate the mice by phenotype. Thus, the animal testers were blind to the genotype of the mice. The colony room was temperature and humidity controlled and ventilated with a dedicated system. Room lighting was timed for a 12:12-hr light-dark cycle. Housing consisted of a polycarbonate microisolator filtered-top cage. All mice had ad libitum access to sterile food (PMI autoclavable rodent lab diet RHI5010) and water. This research was approved by Albert Einstein Medical Center's Institutional Animal Care and Use Committee.
Training Sequence
All mice were trained and tested over the same sequence during a period of 5 weeks. Ten wildtype and 10 PKJ Scn8a KO mice were in tested in the first 5-week series, and the sequence was repeated a second time with 10 additional wildtype and 10 additional PKJ Scn8a KO mice. All mice were trained first on the Morris water maze. Next, mice received surgery to implant stimulating and recording electrodes for eyeblink classical conditioning. After recovery from this surgery, half of the wildtype and half of the PKJ Scn8a KO mice in the first group were tested for 10 daily sessions in the 500-ms delay procedure, and the other half were tested in the 500-ms trace procedure. Five additional days of extinction training followed. This series was repeated a second time so that 40 mice (20 wildtype, 20 PKJ Scn8a KO) were trained in the Morris water maze, and 20 mice (10 wildtype, 10 PKJ Scn8a KO) were trained in either 500-ms delay or 500-ms trace eyeblink conditioning followed by extinction training.
Morris Water Maze
Apparatus. The training apparatus was a circular pool that had a diameter of 100 cm and was 60 cm deep. The pool was located in a laboratory room that contained camera and computer equipment, a portable partition to reduce the viewing area, and various visual cues. The interior of the pool was painted white. The water temperature was maintained between 20°C and 26°C, and the depth was 16 cm. White nontoxic paint was used to make the water opaque. The hidden platform was an 11-cm square white tile platform positioned 1 cm below the surface of the water. The same platform was used for the visible platform, and it was marked by a white flag (10 cm ϫ 7 cm) suspended 15 cm above it on a wooden stick.
General procedures. Training in the Morris water maze took place on Days 1-5. Around the test room in close proximity to the pool were multiple cues such as artificial plants and flowers and graphic prints. Computer and camera equipment used to record the session were also visible to the mouse. Each trial was initiated by placing the mouse in the water at the edge of the pool in a quadrant either opposite or adjacent to the quadrant containing the platform. The start locations were varied among the three quadrants not containing the platform, with three different start locations being used in each block of four trials. The platform remained in the same location on every trial during the hidden platform task and varied across the four quadrants in the visible platform task. Each trial lasted 120 s or until the subject located the platform. Subjects that did not find the platform were guided to it, placed on it, and given a latency score of 120 s. Whether the platform was located or not, each mouse was required to spend 15 s on the platform at the end of each trial. Between blocks of four trials, the mice were placed in individually heated, terry cloth lined plastic holding cages for at least 30 min.
Hidden platform training. Each subject was given three blocks of four trials each (12 trials/day/mouse) for 3 consecutive days of training. Mice were returned to the holding cage between blocks. On the 4th training day, the subjects were given a probe trial, in which the platform was removed from the pool. After swimming for 120 s, the mouse was removed from the pool and returned to its holding cage. Time in each quadrant of the pool was scored. We videotaped and recorded the training trials and the probe trial using the Spontaneous Motor Activity Recording and Tracking program manufactured by Panlab (Barcelona, Spain).
Time to reach the platform (latency to escape) was recorded for each trial and averaged for each block of four trials. The probe trial was analyzed to measure the amount of time spent in each quadrant and the number of crossings made over the platform location in the trained quadrant and the equivalent area in the untrained quadrants.
Visible platform training. On the 5th day of training, all mice were given the visible platform task. A flag attached to the platform made it visible. Training was the same as in the hidden platform version except the location of the platform and the start position were varied across trials. The latency to escape was recorded.
Eyeblink Classical Conditioning
Surgery. Twenty PKJ Scn8a KO and 20 wildtype littermate mice received surgery to implant recording and stimulating electrodes for eyeblink classical conditioning. Surgery occurred during the week after mice completed training in the Morris water maze. For anesthesia, a nonrebreathing Isoflurane administration system was used. Anesthesia was induced in a chamber, and two surgical platforms were used so that multiple surgeries could be performed simultaneously. Anesthesia was induced with O 2 ϩ 3% Isoflurane at a flow rate of 1 L per minute. The mouse was introduced to the induction chamber and was in a surgical plane of anesthesia within 1 min. The Isoflurane was then reduced to 2.5% as the mouse was placed on a surgical platform and fitted with a nose cone for anesthesia maintenance throughout the procedure. Opthalmic ointment was applied to each eye to prevent drying, and mice were covered with gauze strips to maintain normal thermoregulation. Four Teflon-coated stainless steel wires (0.003-in bare, 0.0045-in coated; A-M Systems, Everet, Washington), soldered to a four-pin male header (Jameco Electronics, Belmont, California), were implanted intramuscularly in the obicularis oculi of the left upper eyelid. Wires were stripped of Teflon and carefully placed such that only the muscle-embedded wire was bare. To ensure that the wires did not move or recede back into the periorbital cavity, we glued the wires to the skull. The two wires most rostral were used to record differential electromyography (EMG) activity, and the two most caudal were used to deliver the eyeblink-eliciting stimulus. When all wires were placed, the four-pin header (headstage) was cemented to the skull and the incision was closed. Following surgery, mice were given Baytril antibiotic (85 mg/kg sc) to prevent infection and Buprenex (0.075 mg/kg sc) for analgesia. Recovery from surgery took place for a minimum of 5 days.
Eyeblink conditioning procedure. The conditioned eyeblink training apparatus consisted of four sound-and light-attenuating chambers (Med Associates, St. Albans, Vermont). Each chamber contained a beaker in which the mouse was placed, a copper Faraday cage covering the beaker, a ventilation fan, and a wall-mounted speaker. A shielded four-conductor wire was attached to the mouse's headstage and was used to deliver a blink-eliciting stimulus to the obicularis oculi and to record EMG activity. EMG activity was passed through a 300 -5,000 Hz filter and amplified by 10 K. The signal was then integrated and digitized before being read into a system compatible with IBM (White Plains, New York) described by G. Chen and Steinmetz (1998) for processing. Data were collected in RAM and saved to a hard drive for offline analyses.
Delay and trace eyeblink classical conditioning took place on Days 11-20 and extinction in eyeblink conditioning took place on Days 21-25. The stimulus onset asynchrony between the CS and US was identical for the delay and trace paradigms and was 500 ms. The white noise CS and obicularis oculi stimulation US were the same and generated by the same equipment for delay and trace conditioning. The only difference between the two paradigms was the duration of the CS that was 600 ms in delay and 250 ms in trace. Each training session was controlled by a program written in Cϩϩ language (G. Chen & Steinmetz, 1998) and run on an IBM-PC compatible 386 computer. The intertrial interval was random, ranging from 15 s to 30 s at 1-s intervals. Mice were tested in groups of four. Each session lasted approximately 1 hr. Mice were allowed to move freely around the cage during testing. The ventilation fan remained on and generated a 70-dB background noise. There were 100 trials presented in blocks of 10. For the 10 daily acquisition sessions, each block consisted of 9 paired trials and 1 CS-alone test trial. For delay eyeblink conditioning, paired trials included a 600-ms, 85-dB, 1-kHz tone CS, followed 500 ms after its onset by a 100-ms 0.5 mA stimulation US. For trace eyeblink conditioning, paired trials included a 250-ms, 85-dB, 1-kHz tone CS, followed 500 ms after its onset (and 250 ms after its offset) by a 100-ms 0.5 mA stimulation US. The trace interval was 250 ms-a trace interval demonstrated to be hippocampus dependent (Tseng et al., 2004) . It was determined by observation that a 0.5 mA stimulus was sufficient to cause a blink/head jerk in all mice. For the five daily extinction trials, only the 600-ms delay CS or the 250-ms trace CS was presented. Thus, for delay there were 100 trials of a 600-ms, 85-dB, 1-kHz tone CS with no US presentation, and for trace there were 100 trials of a 250-ms, 85-dB, 1-kHz tone CS with no US presentation.
Each session was computer-scored with a macro written in Visual Basic, which analyzed each trial individually for responses. Whenever EMG activity in the obicularis oculi exceeded five standard deviations above baseline, a response was considered to have occurred. If a response took place in the first 100 ms prior to the CS onset, then the trial was excluded as a bad trial. For each session, several variables were observed. A startle was scored if the response occurred in the first 60 ms after the CS onset. A CR was scored if a response occurred after the 60 ms startle period and before the US onset 500 ms after CS onset. An unconditoned response was scored if no response occurred prior to the US onset.
Results
Delay Eyeblink Classical Conditioning
In comparison with wildtype littermates, PKJ Scn8a KO mice produced fewer CRs and exhibited lower CR amplitude. After seven acquisition sessions, a mouse with midrange performance among PKJ Scn8a KO mice had 16.7% CRs with a CR amplitude of 0.40 units/bin (see Figure 1A) , whereas a mouse with midrange performance among wildtype littermate mice had 75.6% CRs with a CR amplitude of 4.01 units/bin (see Figure 1B) . Comparisons of mean group performance demonstrated that acquisition of CRs differed in wildtype and PKJ Scn8a KO mice (see Figure 2A) . A 2 (Genotype) ϫ 10 (Training Sessions) repeated measures analysis of variance (ANOVA) with percentage of CRs as the dependent variable indicated a nonsignificant main effect of genotype, a significant main effect of training sessions, F(9, 162) ϭ 7.53, p Ͻ .0001, and a significant interaction between genotype and training sessions, F(9, 162) ϭ 2.05, p ϭ .037. Examination of the significant Genotype ϫ Training Sessions interaction with t tests to compare the individual session means indicated that wildtype littermate mice produced significantly more CRs in Sessions 3, 7, 8, 9, and 10.
Using CR amplitude as the dependent variable, we found similar results for training sessions, F(9, 162) ϭ 5.57, p Ͻ .0001, and interaction, F(9, 162) ϭ 2.02, p ϭ .040, as well as a nonsignificant There were 249 ms in the pre-CS period before CS onset. CS onset is marked, and then there were 500 ms between CS onset and US onset (marked). There were 601 ms in the post-US period. A response was scored if it exceeded mean pre-CS activity by five standard deviations. Performance is shown for a PKJ Scn8a KO mouse (A) and a wildtype littermate mouse (B) that scored in the middle of their respective groups. For both mice, all 90 trials were good trials and were scored. For the PKJ Scn8a KO mice, there were 16.7% conditioned responses (CRs). Short-latency alpha responses (0 -60 ms) occurred in 6.7% of the trials. For the wildtype littermate mouse there were 75.6% CRs. Short-latency alpha responses occurred in 14.4% of the trials.
genotype effect (see Figure 2B) . Examination of the significant Genotype ϫ Training Sessions interaction with t tests to compare the individual session means indicated that wildtype littermate mice produced significantly more CRs in Session 8. The pattern of results was similar for the timing of the CR as measured by CR onset latency. There was a significant main effect of training sessions, F(9, 162) ϭ 4.47, p Ͻ .0001, and there was an interaction between genotype and training sessions that approached statistical significance, F(9, 162) ϭ 1.79, p ϭ .074 (see Figure 2C) . The data indicate that selectively knocking out Scn8a sodium channels in Purkinje neurons impairs the rate of acquisition in delay eyeblink classical conditioning.
We analyzed extinction using the five sessions of CS-alone trials. A 2 (Genotype) ϫ 5 (Extinction Sessions) repeated measures ANOVA indicated a main effect of extinction for percentage of CRs, F(4, 72) ϭ 4.79, p ϭ .002 (see Figure 2A) , a main effect of extinction that approached significance for CR amplitude, F(4, 72) ϭ 2.76, p ϭ .064 (see Figure 2B) , and no effect for CR onset latency (see Figure 2C ). The genotype and Genotype ϫ Training Sessions interaction effect was not significant for any of the three dependent measures.
Trace Eyeblink Classical Conditioning
To examine the effect of inactivating Scn8a sodium channels in Purkinje neurons on acquisition of the conditioned eyeblink response in the 500-ms trace procedure, we carried out a 2 (Genotype) ϫ 10 (Training Sessions) repeated measures ANOVA on the dependent measure of percentage of CRs. Neither the effect of genotype nor the Genotype ϫ Training Sessions interaction were statistically significant, indicating that mice with disrupted cerebellar cortical neural firing patterns acquired CRs as well as normal mice (see Figure 3A) . The effect of training sessions was significant, F(9, 162) ϭ 16.21, p Ͻ .0001, indicating an increase in CRs over the 10-day training period. Analyses of the dependent measures of CR amplitude and CR onset latency provided similar results (see Figure 3B and 3C). The effect of training sessions was significant for CR amplitude, F(9, 162) ϭ 7.99, p Ͻ .0001, and for CR onset latency, F(9, 162) ϭ 6.08, p Ͻ .0001, but the effect of genotype and the Genotype ϫ Training Sessions interaction effect were not significant. PKJ Scn8a KO mice and their wildtype littermates all acquired conditioned eyeblink responses at a statistically significant level in the hippocampus-dependent, 500-ms showing acquisition for 10 daily sessions of 90 paired conditioned stimulus (CS)-unconditioned stimulus (US) trials and extinction in five daily sessions with CS-alone trials. The rate and magnitude of acquisition of percentage of CRs was significantly greater in wildtype mice than in PKJ Scn8a KO mice. Extinction sessions returned performance to initial levels. Data are means plus or minus standard error of the means; n ϭ 10 for each group. (B) Amplitude of the CR showing acquisition for 10 daily sessions of 90 paired CS-US trials and extinction in five daily sessions with CS-alone trials. The rate and magnitude of acquisition of CR amplitude was significantly greater in wildtype mice than in PKJ Scn8a KO mice. Extinction sessions returned performance to initial levels in PKJ Scn8a KO mice but not in wildtype mice. (C) CR onset latency showing acquisition for 10 daily sessions of 90 paired CS-US trials and extinction in five daily sessions with CS-alone trials. CR onset latency decreased more slowly in PKJ Scn8a KO mice than in wildtype mice. Extinction sessions returned performance to initial levels. In Panels A, B, and C, data are means plus or minus standard error of the means. Data are from the same mice in all three panels; n ϭ 10 for each group. trace procedure. Inactivation of Scn8a sodium channels in Purkinje neurons did not impair learning in trace eyeblink conditioning.
We examined extinction by comparing the two groups of mice in a 2 (Genotype) ϫ 5 (Training Sessions) repeated measures ANOVA using responses in the CS-alone condition. The effects of genotype, training sessions, and the Genotype ϫ Training Sessions interaction were not statistically significant for any of the three dependent measures (see Figure 3) .
Morris Water Maze
During hidden platform training, PKJ Scn8a KO mice spent longer searching for the platform (see Figure 4A ). To examine genotype differences in the hidden platform condition of the Morris water maze, we carried out a 2 (Genotype) ϫ 9 (Training Sessions) repeated measures ANOVA on the latency to escape. The effect of genotype was statistically significant, F(1, 39) ϭ 4.72, p ϭ .036 (see Figure 4B ). PKJ Scn8a KO mice took significantly longer to reach the hidden platform and escape than did wildtype mice. To determine whether the mild ataxia of the PKJ Scn8a KO mice affected their swimming speed and hence the motor capacity to reach the platform, we carried out a 2 (Genotype) ϫ 3 (Training Sessions) repeated measures ANOVA for latency to escape in the visible platform condition. Performance of the two groups of mice was similar when the platform was visible (see Figure 4C) .
The fourth training session in the Morris water maze followed 3 days of hidden platform training when the hidden escape platform was removed from the pool. Probe trials were used to measure retention of place learning. One measure taken from probe trials was the number of times the mouse crossed over the former platform area. This measure was taken from each quadrant, and mice that learned the position of the hidden platform crossed over the area in the trained quadrant more often than the same area in the other three untrained quadrants. A 2 (Genotype) ϫ 4 (Quadrant) repeated measures ANOVA comparing the number of crossings demonstrated that all mice made significantly more crossings in the trained quadrant, F(3, 117) ϭ 18.01, p Ͻ .001. However, PKJ Scn8a KO mice made significantly fewer crossings in the training quadrant than did wildtype mice, F(3, 117) ϭ 5.32, p ϭ .002 (see Figure 5A) . Another measure of retention of place learning made during the probe trial session was the time spent swimming in each quadrant, regardless of whether mice passed over the platform area. Group means indicated that wildtype mice demonstrated the normal pattern by spending the longest period swimming in the training quadrant (see Figure 5B ). However, PKJ Scn8a KO mice spent the longest period swimming in a quadrant adjacent to the training quadrant. A 2 (Genotype) ϫ 4 (Quadrant) repeated measures ANOVA revealed a significant effect of quadrant, F(3, 117) ϭ 5.45, p ϭ .002. Both groups of mice spent more time in the trained quadrant and one of the adjacent quadrants than in the other two quadrants. The difference between the two genotype groups approached statistical significance, F(1, 39) ϭ 3.19, p ϭ .082, and the Genotype ϫ Quadrant interaction effect was not significant.
Discussion
To examine the contribution of the cerebellar cortex in delay and trace eyeblink conditioning and in the Morris water maze, we tested PKJ Scn8a KO mice that had Exon 1 of Scn8a sodium channels deleted specifically in Purkinje neurons. In comparison with wildtype littermates, PKJ Scn8a KO mice were impaired in the acquisition of CRs in 500-ms delay eyeblink classical conditioning and in place learning in the hidden platform condition of the Morris water maze. PKJ Scn8a KO mice were not impaired in 500-ms trace eyeblink classical conditioning or in the visible platform condition of the Morris water maze. These results indicate that subthreshold sodium currents and normal firing patterns in Purkinje neurons in cerebellar cortex are essential for normal acquisition in delay eyeblink conditioning and place learning in the Morris water maze. The results challenge our previously held conception of the role of cerebellar cortex in trace conditioning, but the data are consistent with several previous studies of trace conditioning in mutant mice with abnormal cerebellar cortical function.
Characteristics of PKJ Scn8a KO Mice
In mice with global loss of Scn8a expression (Dick, Boakes, Candy, Harris, & Cullen, 1986; Sprunger, Escayg, TallaksenGreene, Albin, & Meisler, 1999) , cerebellar morphology is not affected. Consistent with this observation, brains from 8-week-old PKJ Scn8a KO mice had no cerebellar malformations. Foliation, layering, and cellular organization appeared grossly normal, suggesting that postnatal knockout of Scn8a did not interfere significantly with structural development of the cerebellum (Levin, 2004) . Purkinje neurons of 2-3-week-old global Scn8a null mice have specific disruptions in sodium current kinetics (Raman, Sprunger, Meisler, & Bean, 1997 ) that were similar in PKJ Scn8a KO mice (Aman et al., 2004) . There is a selective impairment in subthreshold sodium currents that affects the capacity of Purkinje neurons to fire repetitively. PKJ Scn8a KO mice have a 10-fold reduction in spontaneous firing of Purkinje neurons. The maximal firing rate of Purkinje neurons in PKJ Scn8a KO mice is 50% of the maximal firing rate in wildtype littermates (Levin et al., 2005) .
Motor coordination and motor learning were quantitatively assessed in PKJ Scn8a KO mice with the accelerating rotorod test (Levin & Meisler, 2004a) . Whereas wildtype mice improved markedly during four daily training sessions, PKJ Scn8a KO mice initially performed more poorly than wildtype mice and showed minimal improvement over training sessions. Muscle weakness did not contribute to impaired performance on the rotorod as PKJ Scn8a KO mice performed as well as wildtype mice on the hanging wire assay (Levin & Meisler, 2004a) . The lack of muscle weakness in PKJ Scn8a KO mice distinguishes them from mice with global Scn8a mutations (Kearney et al., 2002; Sprunger et al., 1999) .
Reduced Purkinje Neuron Firing and the Morris Water Maze
The Morris water maze is typically associated with the hippocampus. However, this task engages a number of neural systems, the impairment of which can affect acquisition. Goodlett, Hamre, and West (1992) carried out a classic study of Purkinje neuron involvement in the Morris water maze in pcd mutant mice. Groups of pcd mutant mice and wildtype littermates were tested at 30 days of age when Purkinje neuron loss had just occurred, and at 50 and 110 days when the mice were more mature. At all ages, pcd mutant mice had severe deficits in spatial navigation as did the PKJ Scn8a KO mice in the current study. Numerous investigators have reported cerebellar cortical involvement in the Morris water maze in mutant mice and lesioned rats (reviewed in Lalonde & Strazielle's, 1999, study) . The contribution of the current study is to demonstrate that abnormal firing patterns in morphologically intact Purkinje neurons impair acquisition and retention in this task. The fact that PJK Scn8a KO mice acquired CRs normally in the hippocampus-dependent trace eyeblink classical conditioning procedure underscores the fact that their hippocampus is normal. The genetic lesion is specific to electrophysiological properties of Purkinje neurons in cerebellar cortex, and this very specific lesion still impaired place learning. The mild ataxia in PKJ Scn8a KO mice did not impair their ability to swim rapidly. When the hidden platform was made visible, the latency of PKJ Scn8a KO mice to swim to it was similar to the swimming latency of wildtype littermates.
Reduced Purkinje Neuron Firing and Delay Eyeblink Classical Conditioning
Cerebellar cortical Purkinje neurons affect the rate of acquisition of conditioned eyeblink responses when the CS and US overlap in the delay paradigm. Purkinje neuron number is highly correlated with rate of acquisition in delay eyeblink classical conditioning in New Zealand white rabbits (Woodruff-Pak & Trojanowski, 1996) and C57BL/6J mice (Woodruff-Pak, in press). Mice homozygous for the pcd mutation that are totally devoid of Purkinje neurons acquired CRs in the delay eyeblink classical conditioning procedure at a dramatically slowed rate and to a lower maximal level than did their wildtype littermates (L. Chen, Bao, Lockard, Kim, & Thompson, 1996) . Histological examination of interpositus nucleus in pcd mutant mice revealed no qualitative differences from wildtype mice (L. Chen et al., 1996) . However, retrograde degeneration of inferior olive neurons (Ghetti, Norton, & Triarhou, 1987) and altered dopamine receptor and transporter levels (Delis, Mitsacos, & Giompres, 2004) have been observed in pcd mutant mice. This pathology may have affected acquisition of CRs. In the case of PKJ Scn8a KO mice, cerebellar morphology, including Purkinje neuron morphology, is intact. Impaired acquisition of CRs in delay eyeblink conditioning is exclusively associated with reduced firing in Purkinje neurons.
Other lines of evidence indicate that whereas the cerebellar cortex and Purkinje neurons are normally engaged in acquisition of CRs, it is plasticity in the interpositus nucleus that is the basic substrate for acquisition and retention (e.g., Kleim et al., 2002; Krupa, Thompson, & Thompson, 1993) . Purkinje neurons are the only efferents to cerebellar deep nuclei. Firing patterns of Purkinje neurons unquestionably affect function in neurons in the interpositus nucleus. It is possible that our results with impaired delay eyeblink conditioning in PKJ Scn8a KO mice represent disruption of interpositus nucleus input from mossy fiber and climbing fiber pathways essential to acquisition of CRs. Future studies will determine whether alterations in Purkinje neuron firing patterns play a direct or more indirect role in affecting acquisition of CRs in delay eyeblink classical conditioning.
A cellular model system proposed as a mechanism for information storage in the cerebellum is long-term depression (LTD). In this model, coactivation of climbing fiber and parallel fiber inputs to a Purkinje cell induces a persistent, input-specific depression of the parallel fiber-Purkinje cell synapse (for a review, see Linden & Connor, 1995) . Mouse models used to explore relationships between LTD and acquisition in delay eyeblink conditioning have demonstrated a consistent correlation between impaired cerebellar cortical LTD and impaired delay eyeblink conditioning (C. Chen et al., 1995; Miyata et al., 2001; Shibuki et al., 1996) . The altered currents in Purkinje neurons in PKJ Scn8a KO mice may impede the persistent, input-specific depression of the parallel fiberPurkinje neuron synapse normally resulting from coactivation of parallel fiber and climbing fiber inputs. Scn8a is essential for complex spiking in Purkinje cells (Raman et al., 1997) , a phenomenon resulting from combined parallel fiber and climbing fiber input (Thach, 1967) . LTD is likely impaired in PKJ Scn8a KO mice.
Reduced Purkinje Neuron Firing and Trace Conditioning
There were differences between delay and trace conditioning in PKJ Scn8a KO mice in both acquisition and extinction. Acquisi- for one 120-s trial in Session 7 for a PKJ Scn8a KO mouse (left) and for a wildtype mouse (right), indicating the long search period for the PKJ Scn8a KO mouse and the relatively direct pathway to the hidden platform taken by the wildtype mouse. (B) Latency to the hidden platform in PKJ Scn8a KO and wildtype mice. PKJ Scn8a KO mice took significantly longer to find the hidden platform in all sessions. (C) Latency to the visible platform in PKJ Scn8a KO and wildtype mice. PKJ Scn8a KO mice were able to swim to the visible platform as rapidly as wildtype mice, demonstrating that mild ataxia did not affect their swimming speed. In Panels B and C, data are means plus or minus standard error of the means. Data are from the same mice in all three panels; n ϭ 20 for each group. tion in PKJ Scn8a KO mice was impaired in delay but not trace conditioning, and extinction was significant in both PKJ Scn8a KO mice and wildtype littermates in delay but not in trace eyeblink conditioning. Kishimoto, Hirono, et al. (2001) reported normal extinction in trace eyeblink conditioning in mice with impaired LTD in rostral cerebellar cortex that acquired trace conditioning normally. Extinction was not different between PKJ Scn8a KO mice and wildtype littermates in delay or trace conditioning. We have no explanation for why both groups of mice failed to show extinction in trace but not delay conditioning.
The role of cerebellar cortex has been investigated much more thoroughly in delay than in trace eyeblink classical conditioning. In the relative absence of data on cerebellar cortical involvement in trace, our 20-year-old study of cerebellar cortical lesions and trace conditioning in rabbits (Woodruff-Pak et al., 1985) continues to be cited as support for cerebellar cortical involvement in trace. After training rabbits in a trace eyeblink conditioning paradigm with a 250-ms CS and 500-ms trace, we aspirated cerebellar cortex ipsilateral to the trained eye. At retest, rabbits initially produced few CRs and required several sessions of additional training to produce CRs. On the basis of these data on trace conditioning and many studies on delay conditioning, we made the assumption that the cerebellar cortex is required for acquisition at a normal rate for both delay and trace eyeblink conditioning. Data on eyeblink conditioning in mutant mice with cerebellar cortical impairment demonstrating poor delay but normal trace conditioning (Kishimoto, Hirono, et al., 2001; were inconsistent with our conceptions of the role of cerebellar cortex in trace eyeblink conditioning.
A great deal is known about the ontogeny of associative learning in mammals, particularly in rodents (Stanton, 2000) . Studies have examined relationships between the development of eyeblink conditioning and the physiological maturation of the cerebellum in wildtype rodents (Freeman & Nicholson, 2001; Nicholson & Freeman, 2004) . However, there is limited knowledge about the patterns of cerebellar development in mice with altered genes. At the present time, the studies demonstrating normal trace conditioning in organisms with impaired cerebellar cortices are limited to mutant (Kishimoto, Hirono, et al., 2001; and transgenic mice in the current study. It is possible that these mice are unique, having developed alternate brain pathways to compensate for abnormal cerebellar cortical function. Additional studies of cerebellar cortex in other mammals will add perspective on this issue.
In this study, we used delay and trace paradigms that were matched as closely as possible. We used identical white noise CSs and obicularis oculi stimulation USs with identical 500-ms intervals between the onset of CS and US. The sensory input pathways and stimulus onset asynchrony were the same. The only difference between the paradigms was that the CS in trace turned off after 250 ms, leaving a 250-ms gap between its offset and the US onset. In C57BL/6 mice, this 250-ms gap makes the hippocampus essential for acquisition of CRs (Tseng et al., 2004) . To be hippocampus dependent, the length of the trace must exceed 300 ms in rabbits (Moyer et al., 1990 ) and 1,000 ms in humans (Clark & Squire, 1998) . When the time period of the trace interval exceeds some species-specific length, the cerebellum can no longer form an association between the CS and US. Additional brain circuitry from higher cortical regions is required. It is well documented that the hippocampus is essential when the critical trace time interval is exceeded, and evidence supporting a role for prefrontal cortical areas is increasing. Results with trace conditioning and PKJ Scn8a KO mice in this study, coupled with results with trace conditioning in mice with mutations impairing cerebellar LTD (Kishimoto, Hirono, et al., 2001; , raise the possibility that the cerebellar cortex is bypassed in trace eyeblink conditioning. Input from hippocampus and/or prefrontal cortex may replace or supersede cerebellar cortical input to interpositus nucleus.
Speculation about hippocampal input to the cerebellar deep nuclei highlights the limitations of our knowledge about pathways between hippocampus and cerebellum in genetically normal mammals. Investigation of relevant cerebellar-hippocampal circuitry is limited (e.g., Berger, Weikart, Bassett, & Orr, 1986) . Connections between the two structures are indirect and involve at least four synapses. Could the direct Purkinje neuron input to deep cerebellar nuclei that optimizes acquisition in delay eyeblink conditioning really be superseded by an indirect pathway from the hippocampus in trace conditioning? Another possibility is that there are prefrontal cortical pathways to cerebellum that are more direct than those from hippocampus. An alternative hypothesis is that mutant and genetically altered mice with abnormalities in cerebellar cortex develop compensatory connections between deep cerebellar nuclei and higher cortical structures that are not found in genetically intact mammals. The result that reduced Purkinje neuron firing impairs delay but not trace eyeblink classical conditioning identifies a gap in knowledge about cerebellar-hippocampal interactions and involvement in trace eyeblink conditioning that requires additional investigation.
